Fatigue is often described by patients as a lack of energy, mental or physical tiredness, diminished endurance, and prolonged recovery after physical activity. Etiologic mechanisms underlying fatigue are not well understood; however, fatigue is a hallmark symptom of mitochondrial disease, making mitochondrial dysfunction a putative biological mechanism for fatigue. Therefore, this review examined studies that investigated the association of markers of mitochondrial dysfunction with fatigue and proposes possible research directions to enhance understanding of the role of mitochondrial dysfunction in fatigue. A thorough search using PubMed, Scopus, Web of Science, and Embase databases returned 1220 articles. After the application of inclusion and exclusion criteria, a total of 25 articles meeting eligibility criteria were selected for full review. Dysfunctions in the mitochondrial structure, mitochondrial function (mitochondrial enzymes and oxidative/nitrosative stress), mitochondrial energy metabolism (ATP production and fatty acid metabolism), immune response, and genetics were investigated as potential contributors to fatigue. Carnitine was the most investigated mitochondrial function marker. Dysfunctional levels were reported in all the studies investigating carnitine; however, the specific type of carnitine that was dysfunctional varied. Genetic profiles were the second most studied mitochondrial parameter. Six common pathways were proposed: metabolism, energy production, protein transport, mitochondrial morphology, central nervous system dysfunction and post-viral infection. Coenzyme Q10 was the most commonly investigated mitochondrial enzyme. Low levels of Coenzyme Q10 were consistently associated with fatigue. Potential targets for further investigation were identified as well as gaps in the current literature.
Introduction
Mitochondria are increasingly recognized as major contributors to human health and disease because of their location and influence [7] . Mitochondria have an essential role in energy production through the process of oxidative phosphorylation where nutrients are converted into adenosine triphosphate (ATP), which powers many of the cells' activities. In addition to energy production, mitochondria have been implicated in various physiologic processes including the production of reactive oxygen species (ROS), pyrimidine and lipid biosynthesis, regulation of cellular levels of substrates (amino acids, metabolites, enzyme cofactors), apoptosis, metal (Fe-S cluster and heme) metabolism, calcium homeostasis and flux, neurotransmitter synthesis, heat production, and insulin secretion [8, 26, 27] . Therefore, damage to mitochondria can have widespread consequences [8] .
Health conditions such as cancer, diabetes, fibromyalgia, and serious mental disorders such as schizophrenia and bipolar disease are also proposed to result from mitochondrial dysfunction, though the links are less clear [27, 34] . Mechanisms underlying mitochondria-related disease states have predominantly focused on DNA damage and ROS generation [7, 27] . Mitochondrial dysfunction can be of primary (inherent) or secondary (acquired dysfunction) origin [7, 32] . Primary dysfunction results from mitochondrial DNA (mtDNA) mutations inherited from mothers, who are the sole contributors of mitochondria to their offspring [7] . Mitochondrial DNA has a much higher mutation rate than nuclear DNA because it lacks protective histones [32] , is readily exposed to damage from ROS production [1, 27, 34] , and lacks certain DNA repair mechanisms [7] . Secondary mitochondrial dysfunction results from the influence of external mechanisms such as environmental or pharmacologic toxins that can damage the mtDNA [7] . Mitochondria can protect themselves from the accumulation of damage through various quality control mechanisms (e.g., fission and fusion) [26, 43] ; however, if these mechanisms are altered, mitochondrial dysfunction can lead to disease [4, 8] . Past research has predominantly focused on the role of mitochondrial dysfunction on disease pathology. However, some studies have investigated how mitochondrial dysfunction is associated with the development of distressing symptoms such as fatigue, neuropathic pain, weakness, and depression [27] ; however, these investigations are still in their infancy. This paper reviewed studies that investigated the association of mitochondrial dysfunction with fatigue.
Fatigue is a hallmark symptom of mitochondrial disease. Fatigue is often described by patients as a lack of energy, mental or physical tiredness, diminished endurance, and the need for a prolonged recovery after physical activity [35] . Fatigue is reported by patients to be unrelieved by rest [16, 35] . As pervasive and debilitating as fatigue is, the etiology of fatigue remains poorly understood. Without a known pathophysiological mechanism for fatigue, there is a minimal consistency in its clinical definition [1, 11, 16, 39] . Furthermore, the lack of a proper clinical definition of fatigue contributes to its underdiagnosis and poor management, which in turn contributes to increased symptom burden and poorer quality of life in patients with fatigue [44] . The purpose of this systematic review was to examine markers of mitochondrial function (in adults) that have evidence of an association with fatigue in order to identify areas needed for further research. In this paper markers of mitochondrial function that associate with fatigue in adult patients were reviewed in order to describe empirical evidence of a relationship between mitochondrial dysfunction and fatigue and to propose possible research directions that would enhance understanding of the role of mitochondrial dysfunction in fatigue.
Methods
An initial literature query was conducted in the following four reference databases using search strategies as summarized in Table 1 .
The initial search resulted in 2055 articles. After removing duplicates, the abstracts of 1220 articles were assessed for relevance to the area of interest. Abstracts that discussed the association of markers of mitochondrial function and fatigue were selected to be included in this review. In addition, studies were excluded if they were more than 20 years old, were not original research, were animal or cell-based studies, investigated the effect of medication or treatment on fatigue, mitochondrial markers or both, or measured induced fatigue through the use of exercise or electric stimulation. Also excluded were letters, literature reviews, notes, conference or meeting abstracts, book chapters, editorials, dissertations, case reports or series, short reports, workshop reports, and practice guidelines. A total of 54 articles were selected for full-text review. Of these, 25 were excluded based upon the aforementioned criteria, 3 were excluded because they focused on neuroimaging, and 1 was excluded because it included children. A total of 25 articles were selected for full review.
Results
Twelve of the 25 articles (48%) were published within the last five years. Twenty-two (88%) of the studies used a cross-sectional design; three used a repeated-measures design. Eighteen studies investigated only patients with chronic fatigue syndrome (CFS); remaining studies investigated a combination of myalgic encephalomyelitis (ME) and CFS (n = 2), ME (n = 1), multiple sclerosis (n = 1), HIV-related fatigue (HRF) (n = 1), systemic lupus erythematosus (SLE) (n = 1), and cancer-related fatigue (CRF) (n = 1). One study restricted participant gender and included only males [15] . A complete description of study attributes are found in Tables 2 and 3. CFS patients were the most studied (72% of all articles reviewed). CFS subjects were phenotyped by clinical diagnosis using the 1988 or 1994 Center for Disease Control (CDC) diagnostic criteria alone (n = 17) or in combination with other developed criteria (n = 3), such as the Australian definition for CFS (n = 1), the British definition for CFS (n = 1), and the International Consensus Criteria for Myalgic Encephalomyelitis (ICCME) (n = 1). Two studies used other diagnostic guidelines; one used the Oxford Consensus criteria and one group used the diagnostic criteria established by the Royal Australasian College of Physicians Working Group.
Fatigue was defined through either clinical diagnosis alone or in combination with self-report questionnaires. Most articles (n = 16) quantified fatigue using a variety of questionnaires such as the Fatigue Severity Scale (n = 4), CFS Impairment Index (CFS-II) (n = 2), Checklist Individual Strength (CIS) fatigue subscale (n = 2), Sickness Impact Profile (n = 2), Chalder Fatigue Scale (n = 1), the Fibromyalgia and the CFS Rating Scale (FF Scale) (n = 2), Symptom Checklist 90-R (n = 2), CFS Ability Scale (n = 2), the revised Piper Fatigue Scale (n = 2), Visual Analogue Scale-fatigue (VAS) (n = 1), the Profile of Fatigue (ProF) (n = 1), and structured interviews (n = 3).
A number of mitochondrial parameters were investigated as potential markers for the fatigue conditions. In about 70% (n = 18) of the studies, mitochondrial biomarkers were obtained from peripheral blood samples; in the remaining 7 studies, lower extremity skeletal muscle biopsy specimens were used. Dysfunctions in the mitochondrial structure, mitochondrial function, mitochondrial energy metabolism, immune/inflammatory response, and genetics were investigated as potential contributors to fatigue. Studies are grouped into these four areas for review.
Mitochondrial structure
Four studies investigated the association of fatigue with mitochondrial number, size, and/or shape. All four studies were cross-sectional in design, included patients with CFS, and used muscle biopsy specimens to determine the potential mitochondrial markers. One study quantified fatigue through the use of a self-report questionnaire; whereas, three studies assumed fatigue through medical diagnosis. In one study about 7% of tibialis anterior (n = 69), quadriceps (n = 4), or medial head gastrocnemius (n = 1) muscle biopsies from CFS subjects had mitochondrial hyperplasia; however, because there were no structural abnormalities noted, the authors concluded that mitochondrial structural abnormalities were not a feature of CFS [9] . Findings were similar in another study in which no significant mitochondrial structural differences were found in the right leg vastus lateralis muscle biopsies of CFS patients versus controls [29] .
One study investigating the vastus lateralis muscle biopsies of CFS subjects compared to normal controls found a significantly larger (hypertrophic) mitochondrial size and shape (3-8 times larger), often with noticeable branching of the cristae, termed compartmentalization, [2] . In another study of CFS patients with decreased energy metabolism, the vastus lateralis muscle biopsy specimens, as categorized by observed lactate to pyruvate production in the biopsy samples, were found to have minor, nonspecific changes to mitochondrial shape and structure (paracrystalline inclusions and increased numbers of pleomorphic mitochondria with proliferation of cristae) [3] . However, a vastus lateralis muscle specimen from a CFS patient with normal energy metabolism showed abundant pleomorphic mitochondria, but these structural changes were not observed in the vastus lateralis muscle specimens from CFS subjects with increased energy metabolism [3] .
In summary, three of these four cross-sectional studies investigated the relationship between fatigue and mitochondrial number, shape, and/or size and found no significant differences with mitochondrial shape and structure among CFS patients and controls. Only one study observed significant mitochondrial hypertrophy in the CFS patients compared to healthy controls using skeletal muscle specimens.
Mitochondrial function
Eleven studies investigated the aspects of mitochondrial function; all were cross-sectional in design. Most studies (n = 8) focused on mitochondrial enzymes, while the rest (n = 3) focused on oxidative and/ or nitrosative stress. Most studies looked at CFS or ME/CFS patients, while one study investigated fatigue in SLE patients.
Mitochondrial enzymes
Four studies measured mitochondrial enzymes using muscle biopsy specimens and the remaining ones used peripheral blood specimens.
Six studies only enrolled CFS patients, one included ME/CFS patients, and the remaining study enrolled only ME patients. Almost all participants were enrolled based on their medical diagnoses, except for one study which used a self-report questionnaire to measure fatigue. In four studies fatigue was further assessed by structured clinical interviews (n = 2) and self-report questionnaires (n = 2).
A significant reduction in citrate synthase, succinate reductase, and cytochrome-c oxidase was observed in the anterior tibialis muscle biopsy samples of CFS patients compared to healthy controls, which were attributed to the reduction in physical activity commonly present in CFS subjects [24] . A significant reduction in citrate synthase in the right quadriceps muscle biopsy samples from CFS subjects was also confirmed recently [37] . Citrate synthase is located in the mitochondrial matrix and is an essential enzyme in the citric acid cycle [40] . Succinate reductase (Complex II) and cytochrome-c oxidase (Complex IV) are two of the four mitochondrial transmembrane enzyme complexes of the electron transport chain [40] .
In contrast, one study observed no significant difference with the skeletal muscle biopsies of partial cytochrome-c oxidase and myoadenylate deaminase (MAD) between CFS patients and healthy controls; MAD was more associated with the symptom of myalgia than fatigue [9] . MAD is the muscle-specific subtype of adenosine monophosphate (AMP) deaminase and is involved in nucleotide metabolism [40, 45] . Another study observed no difference in the vastus lateralis muscle biopsy levels of lactate dehydrogenase and cytochrome-c oxidase activity in CFS patients and controls [3] . Lactate dehydrogenase is an enzyme located in the cytoplasm of cells and contributes to the formation of lactate from pyruvate [40] .
Four articles examined the levels of Coenzyme Q10 (CoQ10) in fatigued patients with either ME or CFS compared to healthy controls [19, 20, 22, 23] . ME and CFS patients had significantly lower plasma levels of CoQ10 compared to healthy controls [19, 20] . Plasma CoQ10 was also observed to be significantly lower in ME/CFS and depressed patients with CFS compared to controls [22, 23] . Significant, inverse relationships were observed with plasma CoQ10 levels and severity of illness scores of ME/CFS patients, specifically, greater fatigue and autonomic symptoms were associated with lower levels of CoQ10 [22] . However, in patients with depression there was no correlation observed with severity of illness total or individual scores and plasma CoQ10 levels [23] . The presence of CFS independently predicted low plasma CoQ10 levels [19, 20, 23] .
No longitudinal studies investigated the association between mitochondrial enzymes and fatigue. The cross-sectional studies reviewed reported conflicting associations between mitochondrial enzymes and fatigue. CoQ10 was the most studied mitochondrial enzyme, where reduced plasma levels of CoQ10 were found in the fatigued populations compared to healthy controls.
Oxidative/nitrosative stress
Three cross-sectional studies, two from the same research group, investigated oxidative and nitrosative stress in CFS and ME patients compared to healthy controls. All three used peripheral blood specimens for ). Booth et al. [5] .
Cross-sectional n = 61 ME/CFS patients (Cohort 1; still ill after interventions; from the previous study) n = 138 ME/CFS patients (Cohort 2; no prior interventions) Controls: n = 53 normal, healthy volunteers [25] 1. CDC 1994 criteria 2. ICCME (most, if not all were met) [42] .
Cross-sectional n = 5 HIV patients with high fatigue n = 5 HIV patients with low fatigue Controls: biologic analyses, one study investigated patients with CFS, one study investigated ME, and one study investigated fatigue in SLE. Two of the studies complemented medical diagnosis with a structured clinical interview while one study defined fatigue through the use of self-report questionnaires. Antioxidants (Glutathione, superoxide dismutase, catalase, GSH peroxidase, and GSH reductase) were significantly decreased, while ROS and reactive nitrogen species (RNS) (malondialdehyde [MDA], conjugated dienes, hydroperoxides, and nitric oxide) were significantly increased in the plasma/serum samples of CFS patients compared to healthy controls [19] . Similar results were observed in subjects with ME [20] . It is hypothesized that the aforementioned disruption in the oxidative stress pathway is the downstream result of an imbalance in intracellular calcium and magnesium, which results in high intracellular calcium and low intracellular magnesium [19, 20] .
Another study investigated the association between F 2 -isoprostance levels and fatigue in patients with SLE. They observed that fatigued SLE patients had higher levels of F 2 -isoprostane than non-fatigued SLE patients [36] . A positive correlation between F 2 -isoprostane and fatigue was observed in SLE patients and it was observed that F 2 -isoprostane predicts higher FSS scores in SLE patients. F 2 -isoprostane is currently acknowledged as the most reliable measure of in vivo oxidative stress [36] . The results from this study provide further evidence of an association between oxidative stress and the development of fatigue.
Mitochondrial energy metabolism
Ten studies investigated aspects of mitochondrial energy metabolism; all were cross-sectional in design. Most studies (n = 6) focused on fatty acid metabolism, while the rest (n = 4) focused on ATP production. Most studies looked at CFS or ME/CFS patients, while one study investigated fatigue in MS patients.
ATP production
Four cross-sectional studies investigated mitochondrial energy metabolism as a potential marker in fatiguing conditions. Mitochondrial energy metabolism was assessed from muscle biopsies in two of the studies and from peripheral blood in the remaining studies. Two studies only enrolled CFS patients, while the remaining two studies included both ME and CFS patients. The mitochondrial energy metabolism was measured using the ATP profile test in two studies [5, 25] . The ATP profile tests measures three parameters of mitochondrial function in neutrophils extracted from peripheral blood, (1) ATP concentration (how much ATP is present) and ATP ratio (what fraction of ATP is available for energy supply), (2) the efficiency of oxidative phosphorylation (ADP to ATP recycling efficiency), and (3) TL OUT (ADP out of cytosol into mitochondria) and TL IN (ATP from mitochondria into the cytosol). A Mitochondrial Energy Score (MES) was calculated by multiplying all five factors (ATP, ATP ratio, Ox Phos, TL OUT, TL IN, TL OUT × TL IN). One of the two studies that used this ATP Profile test observed that the percentage of participants with normal values of mitochondrial function increased as fatigue symptoms decreased. [25] . In addition, the MES was positively correlated with scores on the CFS Ability scale [25] indicating that greater mitochondrial efficiency was associated with higher levels of activity and function in those with CFS/ME.
A second study by the same group confirmed the presence of mitochondrial dysfunction in patients with ME/CFS by observing partial blockage of the ADP-ATP translocator protein, adenosine nucleotide translocase (TL) [5] . The TL protein functions to transfer ATP out of the mitochondria into the cell cytoplasm as well as transferring ADP from the cell cytoplasm into the mitochondria to generate more ATP [5] . Cells can compensate for some of the dysfunction in ATP production through two alternative pathways: by increased glyocolysis and the use of adenlyate kinase pathway of ATP formation [5] . Therefore, partial blockage of the TL protein can lead to impaired energy production.
Another study measured two aspects of energy metabolism in the vastus lateralis muscle biopsy samples: aerobic respiration and respiratory chain function, which showed no difference between CFS patients and healthy controls for either parameter [3] . In addition, there were no differences in ATP production rate or respiratory chain complex activity found in the right quadriceps muscle biopsy samples of CFS patients compared to healthy controls [37] . Although ME/CFS patients had impaired energy production as determined by the ATP profile test, no differences in either aerobic respiration or respiratory chain complex activity were found in CFS patients compared to healthy controls.
Fatty acid metabolism
Six cross-sectional articles investigated carnitine levels in fatiguing conditions. Five studies included CFS patients and one study included MS patients. Four studies used peripheral blood specimens for biologic analyses and two studies used muscle biopsies. Four studies complimented medical diagnosis with self-report questionnaires, while two studies assumed fatigue through medical diagnosis.
Acylcarnitine serum levels were significantly lower in CFS patients compared to healthy controls; however, free L-carnitine serum levels were not significantly different between the two groups [18] . Another study observed significantly lower serum levels of total and free carnitine in CFS patients of both genders when compared to healthy controls, as well as lower serum levels of acylcarnitine in CFS patients compared to controls, using historical data [30] . However, no difference between total, free, and acylcarnitine serum levels were found in a more recent study of CFS patients versus healthy controls [38] , as well as in patients with MS (with and without fatigue) compared to healthy controls [10] . Another study also showed no significant difference in L-carnitine, total carnitine, or total acylcarnitine plasma levels between CFS patients and healthy controls; however, when individual acylcarnitine subtypes were investigated in the CFS sample, 6 acylcarnitine subtypes (C8:1, C14, C16:1, C18, C18:1 and C18:2) were significantly lower, while 2 acylcarnitine subtypes (C12DC and C18:1-OH) were significantly higher in plasma of CFS participants compared to the matched controls [33] .
Higher acylcarnitine serum levels were inversely correlated with the Chronic Fatigue Syndrome Impairment Index (CFS-II) mental index score and CFS-II total score [29] . Lower serum acylcarnitine was associated with worse activity levels and symptom presentation, but these relationships were not observed with free L-carnitine serum levels [18] . A later study, however, showed that higher free carnitine serum levels were significantly associated with better physical abilities, and higher free and total carnitine serum levels were significantly associated with lower fatigue severity [30] .
Immune response
Four studies investigated dysfunctional immune responses to mitochondria in various fatiguing conditions. Three of these studies were cross-sectional and one study used repeated measures. Three studies only enrolled CFS patients and one study included fatigued patients with various diagnoses. Three studies used peripheral blood specimens for biologic analyses, while one study used muscle biopsies. In one study clinical diagnosis was complemented with self-report questionnaires and interview assessments, while three studies assumed fatigue through medical diagnosis.
Two studies from the same research group investigated autoimmune responses to acute phase phospholipids in patients with fatiguing illnesses [12, 13] . CFS subjects had serum lipid fractions that resembled those commonly found in patients poisoned with ciguatoxin, a marine toxin [13] . Sera from patients with CFS, chronic ciguartera fish poisoning (CCFP), gulf war veterans (GWV), and prostate cancer patients contained antibodies to cardiolipin (aCL), a phospholipid of the mitochondrial membrane [13] . Further study found that 95% of CFS patients had anticardiolipin antibody (ACA) of the IgM subtype, 10% showed an IgG response, 2.5% had an IgA response; 4 patients were positive for IgG and IgM, and one patient was positive for all three antibody subtypes [12] .
Two studies investigated the role of enteroviral infection with the onset of CFS [24, 41] . One study examined anterior tibialis muscle biopsy specimens for the presence of enteroviral RNA. However, they failed to detect the presence of a persistent enteroviral infection in patients with CFS [24] . Another study observed 23 differentially expressed genes from peripheral blood samples of patients with persistent post-Epstein-Barr (EBV) fatigue compared to controls (those who recovered without persistent fatigue) in the early phase (0-3 months) of infection. Of the 23 differentially expressed genes, 8 were found in subjects with persistent fatigue post-EBV and were involved in binding and metabolism ontologies [41] . When exploring both early and late (N6 months) phases of infection, 24 genes were differentially expressed between cases and controls. Half of the 24 differentially expressed genes were associated with mitochondrial functions such as fatty acid oxidation (CRAT, carnitine acetyltransferase; APOA2, apolipoprotein A-II), apoptosis (BTG1, B-cell translocation gene 1; FOLR1, folate receptor 1; CTRL, chymotrypsin-like), DNA repair, and mitochondrial membrane (COX8A, cytochrome c oxidase subunit VIII; COX11, cytochrome c oxidase assembly protein; KCNA10, potassium voltage-gated channel; MGP, matrix G1a protein; ATP5L, ATP synthase) [41] .
In the four studies reviewed an autoimmune response was found as evidenced by the presence of mitochondrial phospholipids in the sera of CFS patients. Although there was no evidence of persistent enteroviral infection found in muscle biopsies of CFS patients, differential expression of genes associated with mitochondrial function was noted in patients' post EBV infection. Comparing the results among these studies is challenging. Only one research group investigated autoimmune responses to acute phase phospholipids, publishing two different studies. Both of the studies investigating post-infective fatigue investigated different viral infections (enterovirus vs. EBV) and the two studies employed different study designs, cross-sectional [24] and repeated measures [41] .
Genetics
Five articles explored the association between gene expression profiles in fatigue conditions versus controls. Three studies were cross-sectional and two studies used repeated measures designs. Three studies only included CFS patients, one study included men with prostate cancer, and one study included patients with Human Immunodeficiency Virus (HIV). Three studies used peripheral blood specimens for genomic analyses, while two studies used muscle biopsies. One study complemented clinical diagnosis with self-report questionnaires, two studies used self-report questionnaires alone to measure fatigue, and two assumed fatigue through medical diagnosis.
The first genomic study found no significant differences between CFS patients and healthy controls in the total volume of mitochondrial DNA present, two mtDNA rearrangements, and the presence of one point mutation [3] . A real-time PCR (qPCR) study found 11 mitochondrial function-related genes to be differentially expressed during radiation therapy for prostate cancer and 8 of the 11 genes were significantly associated with fatigue intensification during radiation therapy [15] . These 8 genes are involved in mitochondrial apoptosis and signaling, mitochondrial membrane polarity and potential, mitochondrial morphology and fission/fusion, and mitochondrial and small molecule transport [15] .
One microarray analysis found 35 differentially expressed genes in the peripheral blood mononuclear cells (PBMCs) from CFS patients, where 3 up-regulated genes had activities specific to mitochondrial function: EIF2B4 (eukaryotic translation initiation factor 2B, subunit 4δ, tv-1), EIF4G1 (eukaryotic translation initiation factor, 4γ, 1, tv-5), and MRPL23 (mitochondrial ribosomal protein L23) [17] . Another microarray study found 47 differentially expressed genes (2 upregulated and 38 down-regulated in both genders; 7 up-regulated in females, yet down-regulated in males) from vastus lateralis muscle biopsies of CSF patients compared to healthy controls. The down-regulated genes were associated with an impairment of antioxidant mechanisms, aerobic energy production, and metabolism [28] . Another study investigated gene networks in CD14+ cells from HIV-infected patients who reported high fatigue, versus those who reported low fatigue or healthy controls, where 6 mitochondrial-related genes (CHD1L and ALDOB genes were negatively associated with fatigue; TIMM17B, GSR, IMMT, and SLC25A26 were positively associated with fatigue) are implicated in protein translocation into the mitochondrial matrix, cristae morphology, ATP-binding and protein binding, metabolism, oxidation and reduction processes, and energy production were identified [42] .
Five articles explored the association between gene expression profiles in fatiguing conditions versus controls. Common mitochondriaspecific functional pathways were reported from the results of the gene expression studies included in review, to include pathways related to metabolism, energy production, protein transport, mitochondrial morphology, central nervous system dysfunction and post-viral infection. The pathways identified in these studies were similar across three different patient populations and supported areas of dysfunction identified in the previous sections.
Discussion
The purpose of this systematic review was to examine markers of mitochondrial function that have evidence of an association with fatigue in order to identify areas needed for further research. This review included studies focusing on the markers of mitochondrial function in relation to fatigue. Dysfunctions in the mitochondrial structure, mitochondrial function (mitochondrial enzymes and oxidative/nitrosative stress), mitochondrial energy metabolism (ATP production and fatty acid metabolism), immune response, and genetics were investigated as potential contributors to fatigue.
Carnitine was the most investigated mitochondrial function marker reported in this review (n = 6). Dysfunctional carnitine levels were reported in all six studies that investigated the biomarker; however, the specifics of the dysfunction varied among the studies. Genetic profiles were the second most studied mitochondrial parameter. Even though different genes were reported across the studies, common pathways (metabolism, energy production, protein transport, mitochondrial morphology, central nervous system dysfunction, and post-viral infection) were identified among the articles. The most commonly investigated mitochondrial enzyme was CoQ10. It was the only mitochondrial biomarker found to have a consistent association with fatigue identified in this review [19, 20, 22, 23] . CoQ10 is an essential enzyme in the electron transport chain, responsible for shuttling electrons and protons [40] . Further investigation is needed to understand the role of CoQ10 in fatigue.
CoQ10 deficiency can be either primary or secondary in nature. Primary deficiency stems from dysfunction with the genes coding for the synthesis of CoQ10, whereas secondary deficiency results from anything that is not primary in nature [14, 21, 31] . CoQ10 is endogenously produced and therefore, dietary intake has minimal influence on the CoQ10 concentration in the body. However, if CoQ10 is found to be depleted, especially with primary deficiency, supplementation is the remaining recommended therapeutic option [31] . In clinical practice, vitamins such as riboflavin B2, niacin B3, vitamin E and other mitochondrial cofactors including levo-carnitine, lipoic acid, and acetyl-Lcarnitine are used as supplemental treatment for mitochondrial disorders, in order to enhance ETC enzyme activity as an antioxidant defense [6] . The efficacy of these vitamins and mitochondrial cofactors as treatments for mitochondrial disorders remains controversial [6] .
CoQ10 has been shown to have clinical benefits attributed to its antioxidant properties and its role in cellular bioenergetics [21] ; hence, it is being used as a therapeutic option for a number of mitochondria-related clinical conditions including those with cardiovascular disease, reproductive issues, and neurodegenerative diseases [21] . In this review, there are only two research teams that investigated the relationship between CoQ10 and fatigue. More clinical studies are needed to confirm the role of vitamins and mitochondrial cofactors in alleviating fatigue symptoms [14, 31] .
Based on the findings of this review, alterations in energy metabolism may contribute to fatigue. Support for this conclusion was evident from dysfunctions reported with oxidative phosphorylation, electron transport chain activity, and ATP production and recycling. Impaired oxidative phosphorylation was noted through reduced citrate synthase activity [24, 37] . Electron transport chain activity was disrupted as evidenced by reduced levels of succinate reductase (Complex I), cytochrome-c oxidase (Complex IV), and CoQ10 (electron shuttle from Complex I and II to Complex III), as well as evidenced through disrupted oxidative stress (decreased levels of antioxidants and increased levels of ROS and F 2 -isoprostance) [19, 20, 22, 23, 24, 36] . ATP concentration, recycling, and the efficiency of oxidative phosphorylation were found to be disrupted through the ATP Profile Test [5, 25] . Fatty acid metabolism was also impaired as evidenced by abnormal carnitine levels [18, 29, 30, 33] . Genetic investigations found abnormal gene transcription pathways related to metabolism, energy production, and protein transport [15, 17, 28, 42] . These genetic pathways support the areas of dysfunction that were found in the aforementioned studies.
The limitations identified in this review are: 83% of the studies were cross-sectional, 79% of the studies enrolled only CFS patients, and there were inconsistent associations found between mitochondrial biomarkers and fatigue. Future studies utilizing longitudinal designs need to be conducted to establish associations between mitochondrial dysfunction and fatigue development. Additionally, if mitochondrial dysfunction and fatigue are observed, longitudinal studies can provide more evidence about the characteristics of the association.
The inclusion of diverse patient populations in future studies would provide evidence regarding common mitochondrial mechanisms as an etiology for fatigue. The predominant patient population included in the reviewed studies was CFS. Knowledge gained from studies of the CFS population needs to be translated to other fatigued populations, such as those with cancer or other chronic diseases. Understanding the biological mechanisms underlying fatigue development is important to enhance clinical evaluation and treatment.
Furthermore, fatigue was defined differently among the reviewed studies and different diagnostic criteria and self-report instruments were used. This variability limited the ability to compare findings across studies. Furthermore, the self-report questionnaires included in the reviewed studies are valid measures of fatigue, but not necessarily for the populations included in the studies, namely CFS. Future research needs to work towards establishing a global agreement on the clinical definition of fatigue. Once a clinical definition of fatigue is established, research will need to focus on developing a valid and reliable tool for measurement of fatigue in the clinical setting. Until a global definition is developed, researchers need to ensure that the existing fatigue tools are validated in their clinical populations of interest.
The literature review identified some potential relationships between mitochondrial dysfunction and fatigue; however, the findings were limited to predominantly one patient population, were from mostly cross-sectional studies, and results were confounded by the use of multiple definitions of fatigue. These limitations culminated in inconsistent findings across studies. Therefore, the results from the review suggest further investigation to address the gaps in the current literature. Once the underlying mechanisms of fatigue are better understood, individualized and tailored therapies can be developed to improve quality of life of patients.
